The relativistic Hartree approach describing the bound states of both nucleons and anti-nucleons in finite nuclei has been extended to include tensor couplings for the ω-and ρ-meson. After readjusting the parameters of the model to the properties of spherical nuclei, the effect of tensor-coupling terms rises the spin-orbit force by a factor of 2, while a large effective nucleon mass m * /M N ≈ 0.8 sustains. The overall nucleon spectra of shell-model states are improved evidently. The predicted anti-nucleon spectra in the vacuum are deepened about 20 -30 MeV.
I. INTRODUCTION
One of the main characters distinguishing relativistic approaches from nonrelativistic approaches is that the former one has a vacuum. It is quite interesting to study the structure of quantum vacuum in a many-body system, e.g., in a finite nucleus where the Fermi sea is filled with the valence nucleons while the Dirac sea is full of the nucleon-antinucleon pairs. In the relativistic treatment of nuclear phenomena [1] , the Dirac equation is used to describe the behavior of nucleons in nuclei. The effects of the nuclear medium on nucleons are taken into account through introducing strong Lorentz scalar (S) and time-component Lorentz vector (V ) potential. In the language of meson-exchange theory the scalar potential can be attributed to the exchange of sigma meson and the vector potential to the exchange of omega and rho mesons as well as the electromagnetic force.
Since the Dirac equation describes the nucleon and the anti-nucleon simultaneously, the effects of mean fields act on both of them. Consequently, not only the valence nucleons are bounded in the shell-model like states, but also there exist bound states for anti-nucleons emerging from the lower continuum. The observation of anti-nucleon bound states is a verification for the application of the Dirac phenomenology to a relativistic many-body system [2] . It constitutes a basis for the widely used relativistic mean-field (RMF) theory [1, 3, 4, 5, 6, 7] and the relativistic Hartree approach (RHA) [8, 9, 10, 11, 12] . Since the bound states of nucleons are subject to the cancellation of two potentials S + V (V is positive, S is negative) while the bound states of anti-nucleons, due to the G-parity, are sensitive to the sum of them S − V , consistent studies of both the nucleon and the anti-nucleon bound states can determine the individual S and V . In addition, the exact knowledge of potential depth for anti-nucleons in the medium is a prerequisite for the study of anti-matter and anti-nuclei in relativistic heavy-ion collisions [13, 14] .
The shell-model states have been theoretically and experimentally well established [15] while no information for the bound states of anti-nucleons in the Dirac sea are available. This is the aim of our work. In Ref. [16] we have developed a relativistic Hartree approach which describes the bound states of nucleons and anti-nucleons consistently. The contributions of the Dirac sea to the source terms of meson-field equations are considered up to the one-nucleon loop and one-meson loop and evaluated by means of the derivative expansion technique [17] . The parameters of the model are adjusted by fitting to the properties of spherical nuclei. The major outcome of the RHA model is that a rather large effective nucleon mass m * /M N ≈ 0.8 is obtained compared to the value of 0.6 in the relativistic mean-field calculations where the no-sea approximation is adopted . This is caused by the effects of the vacuum contributions which decrease the magnitude of the scalar potential S substantially. Correspondingly, the vector potential V is also suppressed since the quantity V + S is controlled by the saturation properties. As pointed out above, the anti-nucleon bound states are mainly determined by the sum of the scalar and vector potentials S − V . The smaller values of S and V obtained in the RHA calculations lead to a weaker bound on the single-particle energies of anti-nucleons, which turn out to be only half of that computed in the RMF model. On the other hand, the spin-orbit potential of nucleons is related to d(S − V )/dr. In the RHA calculations the spin-orbit splitting of the shell-model states is roughly 1/3 of that calculated in the RMF approach and indicated by the empirical data, although the general trend of the energy spectra coincides with each other. Because our goal is to develop a model to predict the bound states of anti-nucleons in the vacuum with the model parameters constrained by the nuclear bulk properties, in order to get reliable results for the anti-nucleon spectra one should first describe the nucleon spectra as good as possible.
Theoretically one can incorporate tensor couplings for the ω-and ρ-meson, which mainly contribute to the spin-orbit force. The model now becomes non-renormalizable.
However, from the point of view of modern effective field theory [18] the argument of renormalizability is not a severe restriction to theories. Since we will employ an effective
Lagrangian of mesonic degrees of freedom and nucleons, just as the Skyrme force is an effective Lagrangian for nonrelativistic calculations [19] , the mesons here are effective mesons. In an effective field theory one normally evaluates the lowest-order diagrams and makes regularization whenever a divergence appears. The parameters of the Lagrangian are adjusted to fit certain experimental data. The validity of the whole approach is justified by successful explanations and predictions of observables. In other words, within the framework of an effective field theory one mainly concerns the balance between the predictive ability of the theory and the complexity of the theory.
In the present work we will investigate the effects of tensor couplings in the relativistic
Hartree approach for finite nuclei. In this extended version of the model the parameters will be rearranged in a least-square fit to the properties of spherical nuclei. The model is then applied to study the bound states of nucleons and anti-nucleons. The paper is organized as follows: In Sect. II we introduce the effective Lagrangian and review the RHA model. In Sect. III we present the numerical results and discussions. A summary and outlook are finally given in Sect. IV.
II. RELATIVISTIC HARTREE APPROACH
The Lagrangian density of nucleons interacting through the exchange of mesons can
Here L F is the Lagrangian density for free nucleon, mesons and photon
and U(σ) is the self-interaction part of the scalar field [20] U
In the above expressions ψ is the Dirac spinor of the nucleon; σ, ω µ , R µ and A µ represent the scalar meson, vector meson, isovector-vector meson field and the electromagnetic field, respectively. Here the field tensors for the omega, rho and photon are given in terms of their potentials by
L I is the interaction Lagrangian density
Here σ µν = i 2
[γ µ , γ ν ], τ is the isospin operator of the nucleon and τ 0 is its third component.
g σ , g ω , g ρ and e 2 /4π = 1/137 are the coupling strengths for the σ-, ω-, ρ-meson and for the photon, respectively. f ω and f ρ are the tensor-coupling strengths of vector mesons.
M N is the free nucleon mass and m σ , m ω , m ρ are the masses of the σ-, ω-, and ρ-meson.
In finite nuclei the Dirac equation is written as
The field operator can be expanded according to nucleons and anti-nucleons and reads as
Here the label α denotes the full set of single-particle quantum numbers. ψ α (x) are the wave functions of nucleons and ψ a α (x) are those of anti-nucleons; E α andĒ α are their positive energies, respectively. b α and d + α are the annihilation and creation operators of nucleons and anti-nucleons that satisfy the standard anticommutation relations. We assume that the meson fields depend only on the radius and discuss the problem in spherically symmetric nuclei. In this case, the usual angular momentum and parity are good quantum numbers. As described in Refs. [21, 22] , the eigenfunctions of nucleons are the well-known spherical spinors
We make the ansatz for the wave functions of anti-nucleons [16] 
Here Ω jlm are the spherical spinors defined as
Y lm ′ are the spherical harmonics and χ1 2 ms are the eigenfunctions of the spin operators. G α , F α andF α ,Ḡ α are the remaining real radial wave functions of nucleons and antinucleons for upper and lower components, respectively.
Inserting Eq. (9) into Eq. (8) one immediately obtains two relativistic wave equations for the ψ α (x) and ψ a α (x). Applying the concrete expressions of the wave functions given in (10) and (11), we arrive at the coupled equations for the radial wave functions of nucleons
and anti-nucleons
where
andτ 0α is the isospin factor of anti-nucleons,τ 0α = −τ 0α . In the numerical solution of the relativistic wave equations one eliminates the small components to obtain the Schrödinger-equivalent equations. For the nucleon we eliminate the lower component while for the anti-nucleon the upper component. By defining the Schrödinger-equivalent effective mass and potentials of the nucleon
and the anti-nucleon
we arrive at the Schrödinger-equivalent equations for the upper component of the nucleon's wave function
and the lower component of the anti-nucleon's wave function
The small components can be obtained through the following relations
In the above we have changedτ 0α → −τ 0α , i.e., now the anti-nucleon has the same isospin factor as the corresponding nucleon. From Eqs. (24) and (25) 
In static case one can eliminate the t index. The following orthogonal conditions can be obtained from the Dirac wave equations [18] 
Multiplying Eq. (28) on the right with ψ α (y) or ψ a α (y), it can be found that these wave functions must satisfy the normalization conditions
This leads to the orthonormalization conditions for the radial wave functions of nucleons and anti-nucleons
respectively. The single-particle energies of the nucleon and the anti-nucleon can be evaluated as
which are obtained through the iteration procedure.
The main ingredients in Eqs. (18) - (23) are the meson fields, which are determined by the Laplace equations
and 
where the sum on the second term of the last equality runs over all anti-nucleon spectra in the vacuum, and therefore causes divergence. A proper regularization scheme is apparently needed in order to render it to a finite value. Unfortunately, at the situation of finite nuclei it is currently untractable. If one simply cuts off it, the integration of the term with respect to the space doesn't vanish. This violets the baryon number conservation. In an alternative point of view, the mean fields are taken as a starting point for calculating corrections within the framework of Quantum Hadrodynamics [23] . That is, one drops the second term and includes quantum corrections by means of Feynman diagrams and path-integral methods. Within this scheme, the contributions of the valence nucleons to the densities are computed by adding up wave functions while the contributions of the Dirac sea are taken into account in loop expansions. At the one-loop level the effective action of the system can be written as [24] 
Here the CT are the counterterms. Γ valence is the contribution from the valence nucleons, which for time-independent background fields is just minus the energy of the valence nucleons. The last two terms in Eq. (43) represent the contributions of the Dirac sea stemming from the one-meson loop and one-nucleon loop, respectively. By means of the derivative expansion technique [17] they can be expressed as
It can be verified that the tensor-coupling terms contribute to the higher-order terms in the derivative expansion and have therefore been neglected. V
B (σ) and V
F (σ) are the effective potentials from the one-meson loop and one-nucleon loop, in which the field is a constant, σ(x) = σ 0 , the same situation as in nuclear matter. These two terms contain divergent part and should be regularized. Through adding suitable counterterms, V 
The functional coefficients before various derivative terms can be determined in the derivative expansion technique and read as [9, 12] 
Inserting Eqs. (44) - (51) 
and
In order to be able to calculate unclosed-shell nuclei, the occupation number w α have been explicitly indicated. Note that ρ sea 0 (r) is a total derivative and thus the baryon number is conserved. The total energy of the system can be written as
The pairing energy and the center-of-mass correction to the total energy are taken into account as elucidated in Ref. [3] . The energy density of homogeneous nuclear matter can be obtained through reducing the above formulae. The compressibility at saturation density reads as
The double derivatives in the above expression can be easily computed.
III. NUMERICAL RESULTS AND DISCUSSIONS
Since the densities stemming from the Dirac sea are evaluated within the derivative anti-nucleons are truncated by the specified principal and angular quantum numbers n and j with the guarantee that the calculated single-particle energies of anti-nucleons are converged when the truncated space is extended. We find that the results are insensitive to the exact values of n and j provided large enough numbers are given. We have used n = 4, j = 9 for 16 O; n = 5, j = 11 for 40 Ca; and n = 9, j = 19 for 208 Pb. Table I The parameters of the model are determined in a least-square fit to the properties of spherical nuclei. The experimental values for the observables used in the fit are given in Table I . The second column gives the measured nuclear binding energies while the last two columns reflect the properties of nuclear shape. In model calculations one can extract the diffraction radius and surface thickness through analyzing the nuclear charge form factor, where the intrinsic nucleon form factors are buried in [3] . Here we just want to note that instead of the commonly used Sachs form factors [27] in the current fitting we have applied recent parameterization of nucleon electromagnetic form factors based on the Gari-Krümpelmann model [28, 29, 30] . Specifically, we have taken the parameter set of GKex(02S) presented in Ref. [30] .
In the fitting processes one can simply forget the anti-nucleon part since the vacuum contributions to the densities are calculated by means of the mean fields and their derivative terms. Once the parameters are specified, we get a set of decided mean fields which are then applied to solve the eigenequation of the anti-nucleon. The eigenfunctions (the wave functions) and eigenvalues (the single-particle energies) of anti-nucleons are the final output of the model calculations. We intend, so to say, to predict the bound states of anti-nucleons through adjusting the model parameters to the bulk properties of finite nuclei.
Compared to the previous version of the RHA model now we have two more parameters f ω and f ρ for the tensor couplings of vector mesons. The obtained parameters as well as the corresponding saturation properties are presented in Table II and denoted as the RHAT set. For the sake of comparison we give other two sets of parameters: the NL1 set [3] of the RMF model under the no-sea approximation and the RHA1 set [16] where the vacuum contributions have been taken into account but without tensor-coupling terms.
One can see that after introducing the tensor couplings a large effective nucleon mass remains in the RHA model. The value of m * /M N ≈ 0.8 is close to the one appeared in the Skyrme-force parameterizations for nonrelativistic approaches [19] . Although some rearrangements exist, generally speaking, the changes of parameters between the RHAT set and the RHA1 set are not very significant except that the vector coupling strength g ω is enhanced. This causes a somewhat larger compressibility. Table II  Table III In Table III Table IV . In the mean time, the contributions from the Dirac sea are enhanced evidently. Table IV Fig . 1 The shell fluctuation can typically be expressed via the charge density in 208 Pb. It has been known that both the relativistic and nonrelativistic mean-field theory overestimate δρ by a factor of 3. From Table III one can find that the NL1 set and the RHAT set share the same disease. However, the RHA1 set reproduces the empirical value quite nicely.
Further investigation is needed in order to clarify whether it comes out fortuitously. In The contributions of the vacuum to the scalar density and baryon density are shown in Fig. 2 . The computations are performed with the RHAT set of parameters for 40 Ca.
Noticeable influence from the Dirac sea can be found for the scalar density while the effect on the baryon density is negligible. We have solved the technical problem of fluctuations on the ρ sea S met in the previous RHA1 model through making spline extrapolation for the first several points of densities originated from the vacuum. Smooth curves for various densities in different nuclei considered in this work have been obtained. Fig. 3 shows the resultant scalar and vector potentials in 16 O for three models. Due to the vacuum effects the potentials calculated with the RHA model are about half of that computed with the RMF model. After introducing the tensor-coupling terms, the RHAT set receives deeper potentials compared to the RHA1 set, reflecting the effect of parameter rearrangements.
The enhancements are around 20 MeV for S and V in the center of the nucleus, which are nonnegligible on the scale of the nucleon central potential. Especially, the enhancements would be summed up for the anti-nucleon potential rather than cancel each other for the nucleon. In Table V and Table VI we present the single-particle energies of protons (neutrons) and anti-protons (anti-neutrons) in three spherical nuclei of 16 In the environment of a finite nucleus, nucleons are well established physical degrees of freedom, which should be the relevant degrees of freedom for describing the corresponding vacuum too. In the case that a QCD environment is involved, quark degrees of freedom may be necessary.
In view that in the vacuum nucleons and anti-nucleons are always in the form of pairs, one of the promising ways to measure the anti-nucleon spectra in the vacuum of a nucleus is to knock out corresponding nucleons from the bound states emerging from the lower continuum. The incident particles can be photons, electrons or protons. The experimental searches for the vacuum structure have been discussed in detail in Refs. [2, 32] . The dynamical processes can be simulated by using the relativistic BoltzmannUehling-Uhlenbeck approach [33, 34, 35, 36] which is a microscopic transport model for single-particle distribution functions. Since the nucleons excited from the bound states of the Dirac sea have to overcome deep potentials in order to become real particles, the final particle spectra as well as the angular distributions should be different to that of nucleons originated from the Fermi sea. Exclusive analyses of observables from the hadron-nucleus reactions at the energy range of several GeV/c will exhibit the structure of quantum vacuum. Work on this aspect is in progress. If the energy of the incident particle is further increased, light nuclei could be directly excited from the vacuum when the correlation effect is taken into account. Relativistic quantum molecular dynamics model [37, 38, 39, 40] is a suitable starting point to study the relevant problems.
It is straightforward to extend the present model to include the hyperon degrees of freedom. Then one can apply it to investigate the properties of hypernuclei with the effects of quantum vacuum taken into account. As a first step we consider the single-Λ and double-Λ hypernuclei. Through systematically studying the Λ and nucleon spectra in the Fermi sea and the anti-Λ and anti-nucleon spectra in the Dirac sea, one can extract important information for the hyperon interaction, which is an active topic of modern nuclear physics [41, 42, 43, 44] . Here the anti-Λ spectra in the vacuum act as further constraints to the effective interactions in addition to the usual considered hypernuclei observables. The similar procedure can be performed for the Ξ-and Σ-hypernuclei. The detailed understanding of the hyperon-hyperon and hyperon-nucleon interactions in dense medium is fundamental for the study of strange particle production and strange particle flow in relativistic heavy-ion collisions [45, 46, 47] as well as the composition and structure of neutron stars in astrophysics [48] .
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